Two phenotypes exist in the human population with regard to expression of lactase in adults. Lactase nonpersistence (adult-type hypolactasia and lactose intolerance) is characterized by a decline in the expression of lactase-phlorizin hydrolase (LPH) after weaning. In contrast, lactase-persistent individuals have a high LPH throughout their lifespan. Lactase persistence and non-persistence are associated with a T/C polymorphism at position 213 910 upstream the lactase gene. A nuclear factor binds more strongly to the T 213 910 variant associated with lactase persistence than the C 213 910 variant associated with lactase non-persistence. Oct-1 and glyceraldehyde-3-phosphate dehydrogenase were co-purified by DNA affinity purification using the sequence of the T 213 910 variant. Supershift analyses show that Oct-1 binds directly to the T 213 910 variant, and we suggest that GAPDH is co-purified due to interactions with Oct-1. Expression of Oct-1 stimulates reporter gene expression from the T and the C 213 910 variant/LPH promoter constructs only when it is co-expressed with HNF1a. Binding sites for other intestinal transcription factors (GATA-6, HNF4a, Fox and Cdx-2) were identified in the region of the 213 910 T/C polymorphism. Three of these sites are required for the enhancer activity of the 213 910 region. The data suggest that the binding of Oct-1 to the T 213 910 variant directs increased lactase promoter activity and this might provide an explanation for the lactase persistence phenotype in the human population.
INTRODUCTION
Lactase non-persistence is characterized by a low expression of lactase-phlorizin hydrolase (LPH) in adulthood. Most adults in the human population are lactase non-persistent, which in many cases result in an inability to digest diary products containing lactose given the symptoms of lactose intolerance. In contrast, lactase-persistent individuals have a high lactase expression throughout their lives and are lactose tolerant (1) . The lactasepersistent phenotype is frequently found among Northern Europeans and their descendants and also in some populations in Africa. Lactase non-persistence is caused by a transcriptional down-regulation of the lactase-phlorizin hydrolase gene (LCT ) during childhood. A similar down-regulation after weaning is seen in all other mammals investigated (1) . Lactase persistence is a result of bypassing this regulation. Lactase persistence is inherited in an autosomal dominant manner, and it has been demonstrated that lactase persistence is caused by cis-acting elements located closely to the LCT gene (2) . The lactase-persistent phenotype has been estimated to be only 5000 -10 000 years old, consistent with the advantage an adult has to exploit milk as a nutritional source, after the setting up of dairy farming (3) .
Identification of a T/C polymorphism at position 213 910 upstream the LCT gene associated with lactase persistence/ non-persistence has initiated the investigation of the molecular mechanisms controlling developmental regulation of the LPH # The Author 2005. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org expression. The T 213 910 variant has been reported to be 100% associated with lactase persistence in the European populations (4), but another yet unidentified mutation seems to exist in some lactase-persistent populations in Africa (5) . The C/T 213 910 single nucleotide polymorphism (SNP) is located in intron 13 of the upstream minichromosome maintenance-6 gene (MCM6). Analyses of the gene-regulatory capacity of the 213 910 region have demonstrated a strong transcriptional enhancer activity of the region (6, 7) . The T 213 910 variant is a more effective enhancer of the LPH promoter activity than the C 213 910 variant, especially when analysed in differentiated intestinal cells. A nuclear factor from both intestinal and HeLa nuclear extracts binds strongly to the T 213 910 variant and much more weakly to the C 213 910 variant. Thus, position 213 910 is a part of a transcription factor binding site that is important for the enhancer activity of the region. The mutation from C 213 910 to T 213 910 creates a higher affinity for the nuclear factor. As the T 213 910 variant has increased enhancer activity, we have suggested that the life-long activation of the LPH gene in lactase-persistent individuals is caused by an increased recruitment of transcriptional activators to the T 213 910 variant that prevent the postweaning decline of LPH (1, 6) .
The first 150 bp of proximal promoter of the LPH gene is highly conserved among human, pig and rat (1) . The transcription factors binding this conserved promoter region have been extensively studied. Binding of Cdx-2, HNF1a and GATA factors to the LPH promoter is required for promoter activity (8 -19) . HNF1a interacts directly with both Cdx-2 and GATA-4, and it has been shown that interactions between HNF1a and Cdx-2 and also HNF1a and GATA factors synergistically activate LPH promoter activity (8, 12) . In pig and rat, it is clear that additional upstream gene-regulatory regions are necessary for a high intestinal-specific LPH promoter activity (20 -22) .
In the current study, we have used a DNA affinity purification strategy to identify GAPDH and Oct-1 as T 213 910 variant interacting factors. Further analyses of the region surrounding T 213 910 variant reveal binding of several transcription factors expressed in the small intestinal epithelium. Binding of these factors is essential for the enhancer activity. These results indicate that lactase persistence in humans is a result of increased Oct-1-mediated enhancer activity that prevents the normal postweaning down-regulation of the lactase expression seen in other mammals. Although our results do not irrevocably demonstrate that the T 213 910 DNA variant is causal in vivo for lactase persistence, it clearly shows that the T 213 910 DNA variant is responsible for the increased gene-regulatory activity affecting LPH promoter activity.
RESULTS

Purification and identification of the T 213 910 -binding factor
A DNA affinity purification strategy was applied to identify the nuclear factor binding to the T 213 910 variant. The purification resulted in the isolation of one prominent protein with a molecular weight of 35 kDa and some minor bands in the range of 60-100 kDa (Fig. 1A) . The prominent band was in-gel digested by trypsin, and the protein was unambiguously identified using nanoflow LC-MS/MS mass spectrometry (23, 24) to be glyceraldehyde-3-phosphate dehydrogenase (GAPDH). GAPDH exists in two forms: as a cytosolic tetrameric glycolytic enzyme and as a monomeric non-glycolytic nuclear form (25) . The nuclear form of GAPDH has recently been shown to be a component of the OCA-S coactivator complex. OCA-S is essential for Oct-1-activated histone H2B transcription, and GAPDH has been shown to interact directly with Oct-1 (26) . As supershift experiments showed that GAPDH does not directly interact with the T 213 910 variant (data not shown), we investigated whether the nuclear factor binding the T 213 910 variant could be Oct-1. A search for Oct-1 consensus sequence close to position 213 910 (Fig. 1B) using TRANSFAC w Professional 9.1 database revealed a non-classical Oct-1 binding sequence [Transfac accession no. M00137 (27) ] located 5 0 to position 213 910. The analysis also revealed that the matrix match score of T 213 910 variant is slightly higher than that of the C 213 910 variant, indicating that Oct-1 has a higher affinity to the T 213 910 variant than to the C 213 910 variant. As this correlates to our gel shift results (Fig. 1D) , we decided to repeat the DNA affinity purification using nuclear extracts prepared from the intestinal epithelial cell line Caco-2 and to analyse for the presence of Oct-1 and GAPDH in the fractions by western blot analysis. The Fast-Q purification step was omitted to minimize the purification time and thereby degradation of the nuclear proteins. As demonstrated in Figure 1C , both Oct-1 and GAPDH can indeed be co-purified by the ability to bind the T 213 910 sequence.
Gel shift assays were used to further investigate the Oct-1 binding to the T/C 213 910 variants (Fig. 1D) . The T 213 910 variant bound stronger to the nuclear factor than the C 213 910 variant. The formed complex was efficiently competed by excess of either a classical Oct-1 motif or a non-classical Oct-1 motif (M00137). Addition of anti-Oct-1 antibody resulted in a supershift of the complex. Furthermore, a gel shift assay using probe containing the classical Oct-1 motif resulted in a complex with the same mobility, and a similar supershift with anti-Oct-1 was seen (Fig. 1D) .
Identification of multiple binding sites for intestinal expressed transcription factors in the 213 910 enhancer
A DNase footprint analysis and supershift analyses of the region surrounding the T 213 910 variant were performed to identify and analyse cis-elements surrounding the 213 910 SNP ( Fig. 2A) . A footprint was detected at position 213 909 to 213 934, including the Oct-1 binding site and a GATA-6 binding motif. Footprints from 213 857 to 213 817 span an HNF4a motif and a Fox/HNF3a motif. A footprint spans a putative Cdx-2 site at position 214 022 to 214 032. GATA-6, Fox, Cdx-2 and HNF4a are all wellknown transcription factors important for intestinal gene expression. Cdx-2, Fox and GATA-6 have been shown to regulate LPH promoter activity by binding to the proximal promoter region of the LCT gene (11, 14, 17, 18) .
The protein/DNA interactions in the 213 910 enhancer region were further characterized by supershift analyses (Fig. 2B -D) . A probe covering the footprint located at the 213 910 position was analysed for protein binding, using
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Human Molecular Genetics, 2005, Vol. 14, No. 24 nuclear extracts from differentiated Caco-2 cells (Fig. 2C ). Three specific complexes could be detected (complexes I-III). Complex I could be supershifted with an anti-Oct-1 antibody and was competed with oligonucleotides containing a classical Oct-1 site or the non-classical motif related to the T 213 910 sequence. Complexes II and III were supershifted with GATA-6 antibody and were not efficiently competed with the Oct-1 oligonucleotides. This indicates that only Oct-1 is present in complex I, whereas GATA-6 protein is present in complexes II and III. As T 213 910 /Oct/GATA probe contains two GATA binding sites, it is therefore possible that complexes II and III are complexes with either one or two GATA proteins. However, complex IV supershifts with both Oct-1 and GATA-6 antibodies, showing that Oct-1 and GATA-6 are able to bind the probe at the same time and the binding is not mutually exclusive. The protein/DNA complex marked 'unspec' was not affected by the addition of unlabelled oligonucleotides with either specific or unspecific (i.e. unrelated) sequences. Thus, formation of this complex was considered to be a result of unspecific protein binding.
Supershift analyses demonstrated that HNF4a binds to the region between 213 860 and 213 825 ( Fig. 2B ) and Cdx-2 binds to the region 214 045 to 2140 101 (Fig. 2D) . Competition experiments demonstrated specific interaction of nuclear factors with the Fox/HNF3a motif. This complex could not be convincingly supershifted with an anti-HNF3a antibody, indicating that another fork head transcription factor might interact with this sequence (Fig. 2B ).
Functional analysis of the 213 910 enhancer activity
A functional analysis of the T 213 910 and C 213 910 enhancer activity demonstrated, as previously shown (6) , that the T 213 910 variant is a more powerful enhancer than the C 213 910 variant (Fig. 3A) . The T 213 910 enhancer stimulates the LPH promoter-driven reporter gene expression 9-fold when compared with the LPH promoter alone (Fig. 3B ). An enhancer/promoter construct was produced containing mutations in the Oct-1 site in the T 213 910 enhancer to address the gene-regulatory importance of the Oct-1 binding for the T 213 910 -enhancer activity (Fig. 3A) . The Oct-1 mutation resulted in 5-fold reduction of the enhancer activity of the T 213 910 enhancer, demonstrating a functional importance of the Oct-1 site (Fig. 3B) . Similar analyses of the GATA, HNF4a and Fox sites in the T 213 910 enhancer (Fig. 3A) also demonstrated that these sites are important for full enhancer activity (Fig. 3B) . However, mutations in the Cdx-2 site did not significantly change the enhancer activity (Fig. 3B) . Expression plasmids for Oct-1, GATA-6, HNF4a, Cdx-2, HNF1a and HNF1b were co-transfected with the LPH-promoter construct (pGL3-hLPH1085), the LPH-promoter/T 213 910 enhancer construct (pGL-3 hLPH1085-14T) and the LPH-promoter/C 213 910 enhancer construct (pGL-3 hLPH1085-14C) (Fig. 3C) . Binding sites for Oct-1 and HNF4a are only present in the 213 910 enhancers and an HNF1 binding site is only present in the LPH promoter, whereas GATA-6 and Cdx-2 binding sites are present both in promoter and in the 213 910 enhancer (Fig. 3A) . GATA-6, Cdx-2 and HNF1a resulted in an increased proximal promoter activity, which is in agreement with the previous reports (Fig. 3B). (B-D) Gel shift assays analysing interactions of nuclear factors from nuclear extracts from differentiated Caco-2 cells to the regions that are protected in the footprint analysis ( Fig. 2A) .
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Human Molecular Genetics, 2005, Vol. 14, No. 24 (10, 17, 18, 28) . Oct-1 and HNF4a co-expression did not influence the proximal promoter activity, which is expected, as no binding site for these factors is present in the proximal promoter region. Surprisingly, co-expression of Oct-1 did not result in an increased T 213 910 enhancer activity despite the presence of the Oct-1 binding site. HNF4a co-expression increased both the T 213 910 and the C 213 910 enhancer activities, whereas GATA-6 co-expression only slightly influenced the 213 910 enhancer activities. Cdx-2 strongly activates the proximal promoter activity (14-fold), and the presence of both 213 910 enhancers further increases the reporter gene expression to 63-fold. HNF1a has been shown to be important for LPH promoter activity and to interact with Cdx-2 (12), GATA factors (8 -10) and Oct-1 (29) . Activation of the LPH promoter activity by HNF1a is most likely mediated through binding to the proximal LPH promoter, as no HNF1 motif has been identified in the 213 910 enhancer region. It is therefore surprising that co-expression of HNF1a increases the reporter gene expression of pGL-3 hLPH1085-14T to 84-fold and that of pGL-3 hLPH1085-14C to 64-fold when compared with the activity of the basal LPH promoter. This finding suggests that the 213 910 enhancer effect is mediated through HNF1a bound at the proximal promoter. Indeed, co-expression of both HNF1a and Oct-1 further increases the effect of the T 213 910 enhancer to 133-fold over the proximal promoter activity. This effect is specific to HNF1a, as Oct-1 does not synergize either with HNF1b, which also binds to the HNF1 motif in the LPH promoter (14) (Fig. 3C) , or with Cdx-2, GATA-6 or HNF4a (data not shown). The Oct-1/HNF1a co-expression increases the C 213 910 enhancer activity (112-fold). The lower activity of the C 213 910 enhancer correlates with the weaker Oct-1 binding to the C 213 910 SNP sequence (Fig. 1D ) (6) . To further investigate the presence of a functional Oct-1 binding site in 213 910 enhancer, we changed the 213 910 Oct-1 site to the classical octamer Oct-1 site and to the nonclassical M00137 Oct-1 site. Both these Oct-1 sites are able to sustain the high activity of the 213 910 enhancer, and the reporter gene expression of both constructs was only activated by Oct-1 over-expression when Oct-1 was co-expressed with HNF1a (Fig. 3D) . These results validate the finding that the 213 910 Oct-1 site is a functional Oct-1 site.
The 213 910 SNP is located within intron 13 of the minichromosome maintenance protein 6 (MCM6) gene (4). To investigate whether the 213 910 enhancer is specific to LPH expression, the LPH promoter in pGL3 hLPH1085-13910T and pGL3 hLPH1085-13910C was replaced with a 512 bp human MCM6 promoter fragment resulting in the plasmids pGL3 hMCM6-13910T and pGL3 hMCM6-13910C, respectively. These were compared with pGL3-hMCM6 only containing the MCM6 promoter in transfection experiments using Caco-2 cells. The MCM6 promoter activity was not affected by either enhancer (data not shown), indicating that the 213 910 enhancer has a promoter preference and does not activate the MCM6 promoter.
DISCUSSION
We have identified Oct-1 as the transcription factor binding strongly to the T 213 910 variant. The Oct-1 site is required for full T 213 910 enhancer activity in combination with GATA-6, HNF4a and Fox sites. Mutation of either of these binding sites reduces the enhancer activity significantly. Over-expression of Oct-1 does not increase reporter gene expression of the 213 910 enhancer construct. A possible explanation could be that Oct-1 is highly expressed in Caco-2 cells and is not the limiting factor for the LPH expression. In order to detect an effect on the reporter gene expression of Oct-1, it is necessary to co-express it with HNF1a. HNF1a binding sites have not been identified in the 213 910 enhancer region, but the presence of the 213 910 enhancer increases the effect of the HNF1a over-expression (Fig. 3) . Both T 213 910 and C 213 910 enhancer activities increase with HNF1a over-expression. The T 213 910 enhancer still induces a higher level of reporter gene expression than the C 213 910 enhancer when HNF1a is over-expressed, whereas over-expression of HNF4a, GATA-6 and Cdx-2 increases the enhancer but diminishes the difference between the T 213 910 and the C 213 910 enhancers, indicating that these factors are not directly involved in the differential activation by the T 213 910 and the C 213 910 enhancers. Over-expression of both Oct-1 and HNF1a further increases the reporter gene expression of the 213 910 enhancers, and we suggest that this synergistic effect of Oct-1/ HNF1a expression is most likely mediated through interactions between Oct-1 bound at the T/C 213 910 in the enhancer and HNF1a bound at the well-characterized HNF1 site (10, 12, 14) in the proximal LPH promoter. Oct-1 and HNF1a have previously been reported to interact and affect intestinal and liver gene expression (29, 30) . Mutations in the GATA, HNF4, Fox or Oct-1 sites abolish the activity of the 213 910 enhancer. It is therefore clear that the 213 910 enhancer has a refined structure that requires the presence of the all four binding sites in order to possess enhancer activity. The T 213 910 sequence increases the binding of Oct-1 when compared with the C 213 910 sequence, and the Oct-1 binding is correlated to an increased enhancer activity of the T 213 910 variant.
In most mammals, the postweaning decline probably is an advantage as it forces the young mammal to be weaned from the mother. In humans, however, lactase persistence makes it possible to exploit milk from domestic animals. Lactase persistence is a late adaptation in the human evolution (3), and we suggest that a C to T substitution at position 213 910 has resulted in an increased activity of the 213 910 enhancer by creating a strong Oct-1 binding site. It is generally accepted that lactase persistence is a result of bypassing the postweaning decline of lactase that occurs in lactase non-persistent individuals and in other mammals. The mechanism behind the postweaning decline of lactase in mammals has not been identified, but it is known that it is a result of a decrease in the lactase promoter activity as relatively short LPH promoter fragments from pig (20) and rat (22) are able to direct a postweaning decline of a reporter gene in transgenic mice. We hypothesize that the postweaning decline could be either a result of a decrease in the recruitment of transcriptional activators or an increased recruitment of repressors to the LPH promoter. However, high activity of both pig and rat LPH promoters in the transgenic mouse models is dependent on enhancer regions (11,20 -22,31) . The enhancer regions are not conserved among pig, rat and human in contrast to the proximal promoter regions (1). As both the T 213 910 variant and the C 213 910 variant act as enhancers, it is possible that they both activate LPH expression after birth, but the presence of Oct-1 at the T 213 910 enhancer during the postweaning decline could result in an inability to down-regulate the lactase expression due to increased recruitment of transcriptional activators or by preventing the action of a repressor.
Interestingly, we have noted that not only lactase persistence but also g-globin persistence is associated with a mutation in an Oct-1 site. g-globin persistence can be caused by a C to T substitution in an Oct-1 motif in the human g-globin promoter (32) . This mutation abolishes a repression of the g-globin gene, resulting in g-globin expression after birth. Although different mechanism(s) seem to be involved in the development of lactase and g-globin persistence, it is noteworthy that Oct-1 is involved in persistent expression both in the intestinal epithelium and in the haematopoietic system.
Oct-1 binding to the T 213 910 variant is necessary for the enhancer activity, and it is possible that GADPH is a coactivator for Oct-1, as it is the case for histone H2B promoter activity (26) . Although we have not investigated the role of GAPDH for the enhancer activity, it is intriguing to speculate that the metabolic state of the cell might feed back and influence the transcription of the lactase gene. Oct-1 has been reported to recruit chromatin modifying co-factors, which are able to either enhance or silence the gene depending on the cell type and promoter architecture (33, 34) . Thus, it is possible that Oct-1 binding to the T 213 910 variant in vivo induces chromatin changes close to the LCT gene that are involved in the lactase-persistent phenotype.
MATERIALS AND METHODS
Fractionation of HeLa-S nuclear extract
We have previously shown that the factor binding T 213 910 is expressed in HeLa cells (6) . HeLa S3 nuclear extracts were therefore used as starting material for the purification. HeLa S3 cells were grown in Joklik-modified minimal essential medium containing 5% fetal calf serum, 100 mg/ml of penicillin and streptomycin and 2 mmol/l L-glutamine in spinner bottles. Cells from 60 l of medium were harvested by centrifugation, and a nuclear extract was prepared (35) . The nuclear extract was applied to a 75 ml Q-sepharose Fast Flow column (Amersham Biosciences) equilibrated with buffer D [20 M HEPES, pH 7.9; 20% glycerol; 1.5 mM MgCl 2 ; 100 mM KCl; 0.2 mM EDTA and 0.5 mM dithiothreitol (DTT)]. Bound proteins were eluted with buffer D supplemented with 1 M NaCl. The eluate was dialysed against buffer D, and NaCl was added to 50 mM and loaded to a Q-Sepharose column again. The flowthrough was collected and concentrated 10 times by ultrafiltration using a PM10 filter (Amicon). An Aliquot of 400 ml of the concentrated eluate was mixed with 800 ml buffer D and 1600 ml gel shift buffer [25 mM Tris, pH 7.8, 5 mM MgCl 2 , 6 mM KCl, 0.5 mM EDTA, 1 mM DTT, 0.5 mM phenylmethylsulphonyl fluoride (PMSF), 5% Ficoll and 2.5% glycerol] and incubated for 10 min at 48C. The sample was mixed with 1 mg of
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Human Molecular Genetics, 2005, Vol. 14, No. 24 streptavidin-coated magnetic beads (Dynal) coupled with a double-stranded biotinylated oligonucleotide containing three tandem-repeated sequences of a 24 bp region surrounding the T 213 910 position and incubated for 30 min at 48C. The magnetic beads were collected using Magnetic Particle Concentrator (Dynal) and washed by resuspending the beads in 300 ml buffer D and 600 ml gel shift buffer. Bound proteins were eluted twice from the magnetic beads by resuspending the magnetic beads in buffer D containing 400 mM NaCl. Samples taken during the different steps in the purification procedure were separated on a NuPAGE 12% Bis -Tris gel (Invitrogen). After electrophoresis, the gel was silver stained using the Bio-Rad Silver Stain Kit (Bio-Rad). Bands were excised and in-gel digested with trypsin (23) . The proteolytic fragments were separated and sequenced by nanoflow liquid chromatography tandem mass spectrometry (LC MS/MS), using a Waters/Micromass QTOF Micro (24) . The results from the mass spectrometry were utilized to search an in-house version of the Mascot search engine 2.0 (http:// www.matrixscience.com/). The prominent 35 kDa protein was identified as GAPDH (P04406) with a MOWSE score of 209 and 9 proteolytic fragment spectra assigned within 40 p.p.m. mass accuracy.
Fractionation of Caco-2 nuclear extract
The T 213 910 -binding activity was purified from Caco-2 nuclear extract with a simpler procedure. About 1000 mg of nuclear extract isolated from differentiated Caco-2 cells (35) was mixed with 800 ml buffer D, 2000 ml gel shift buffer and 20 mg dI -dC, and the T 213 910 -binding protein was affinity-purified as described with the Q-purified HeLa-S extract.
In total, 25 ml (8 mg) of the diluted Caco-2 nuclear extract used in purification was separated on a NuPAGE 12% Bis -Tris gel (Invitrogen) together with samples from the steps of the fractionation of the Caco-2 nuclear extract. After electrophoresis, the gel was electrotransferred onto Immobilon membrane (Millipore). Immunoblotting was performed with primary antibodies to either Oct-1 (Santa Cruz) or GAPDH (Chemicon). The blot was developed using the ECL kit (Amersham Biosciences), and the chemiluminescence signals were captured using an LAS-1000þ (Fujifilm).
DNA footprint and gel shift assays
A fragment covering the T 213 910 variant labelled with 32 P at position 214 096 (at an internal EcoRI site) was used in DNase I footprint analysis. An aliquot of 10 -30 ml of (50 -150 mg) nuclear extract from differentiated Caco-2 was mixed with 20 ml gel shift buffer containing 1 mM DTT and Protease inhibitor cocktail (Sigma) (1 ml/ml) and 1 mg dI-dC (Amersham Biosciences) and was incubated for 10 min on ice. Five nanograms of 32 P-labelled T 213 910 fragment was added and incubated for 15 min on ice. About 500 ng of DNase I (Fermentas) was added and incubated for 60 s at room temperature. The DNase digestion was stopped by adding 300 ml stop buffer [1% sodium dodecyl sulphate (SDS), 0.33 M NaAc and 5 mM EDTA]. The samples were extracted with phenol/chloroform and ethanol precipitated.
The precipitated DNA was analysed by denaturating polyacrylamide gel electrophoresis (PAGE) (6% and 6 M urea) followed by autoradiography.
Gel shift assays and supershifts were performed as described previously (21) using double-stranded oligonucleotides from the 213 910 enhancer region covering transcription factor binding sites: HNF4a (position 213 854 to 213 830; ttagattgttctttgagccctgcat), HNF3a/Fox (213 872 to 213 848; ttgtataatgtttgatttttagatt), T 213 910 /Oct/GATA (213 933 to 213 909; gcaatacagataagataatgtagtc), 13910T (213 922 to 213 898; aagataatgtagTccctggcctcaa), 13910C (213 922 to 213 898; aagataatgtagCccctggcctcaa), Cdx-2 (214 040 to 214 016; cacgtcatagtttatagagtgcata). Oct-1 classic (tgtcgaAT GCAAATcactagaa) contained the canonical octamer sequence. Oct-1 M00137 motif (agctgaATATTAATCATAGtagctt) is one of the binding sites (R07117 from the Transfac database) that were used to construct the M00137 Oct-1 matrix. The Oct-1 site was flanked with random sequence to adjust the length of the oligonucleotides to the same length as the 213 910 enhancer oligonucleotides. All gel shift assay oligonucleotides were synthesized with a 5 0 A-overhang to facilitate labelling by a forward reaction using polynucleotide kinase and [g-P 32 ]ATP. For the supershift assays, the following antibodies were used: anti-HNF4a, anti-HNF3a, anti-Oct-1, anti-GATA-6 (Santa Cruz) and anti-Cdx-2 [a gift from Dr Michael German (36) ].
Dr Winship Herr (38) , HNF4a by Dr Frances Sladek (39) and Cdx-2 by Dr Michael German (36) .
MCM6 promoter plasmids were constructed by PCR amplifying the 2456 to þ55 of the human MCM6 gene. This fragment was cloned into pGL3-basic (Promega) yielding the plasmid pGL3 hMCM6. Plasmids containing both the MCM6 promoter and the 213 910 enhancer were made by replacing the LPH promoter in pGL3 hLPH1085-13910T and pGL3 hLPH1085-13910C (6) with the MCM6 promoter fragment (pGL3 hMCM6 -13910T and pGL3 hMCM6 -13910C).
